Abstract -A brief description of the resonance Raman study on the role of the iron-ligand bond for the functional activity of heme proteins is presented.
INTRODUCTION
Ironporphyrins in heme proteins are endowed with a specific reactivity toward oxygen in contrast with those in solutions. The reactivity of the heme iron and thus the function of a given heme protein depends on the iron-coordination environments. An essential factor for determining them is the fifth ligand of the heme iron. For instance, cytochrome P-450s with a wide variety of sources and primary structures have in common a cysteinate as the fifth ligand and the identity of the fifth ligand is a distinctive feature of this particular group of proteins. Therefore, elucidation of nature of the ligand is essential for understanding functions of heme proteins.
Oxygen carriers such as hemoglobin (1{b) and myoglobin (Nb) and peroxidases such as horseradish peroxidase (}IRP) and cytochrome c peroxidase (CcP) have quite different functions. Nevertheless, both groups of proteins have a histidine residue (His) as the fifth ligand. There must be some features characteristic of each group of proteins with regard to the iron coordination environments. The iron-ligand stretching Raman line, if identified, is expected to serve as the most sensitive probe of the iron coordination environments. In this laboratory we have made efforts to assign the iron-ligand stretching Raman line of various heme proteins and to understand structural implications of the observed frequencies. These results are summarized here and discussion will be focused on the following points; a role of the Fe-His bond in the cooperative oxygen binding of 1{b, a diinctive property of the proximal histidine of peroxidases, and a character of the Fe =0 bond of IIRP Compound II. Comprehensive reviews on these subjects are published elsewhere (ref. 1 and 2) .
HEMOGLOBIN Cooperativity and Fe-His stretching vibration
The oxygen binding curve of a single fib preparation in a given solution can usually be simulated satisfactorily by the two state model (ref. 3) .
This theory postulates the transition between two alternative quaternary structures having different oxygen affinities. As illustrated in Fig. 1 , weak inter-subunit bonding leads to a relaxed tertiary structure of protein, giving rise to the high affinity state, and conversely, strong inter-subunit bonding induces the formation of intra-subunit hydrogen bonds and brings about a tensed tertiary structure, lowering the oxygen affinity (ref. 4) . It has long been a matter of debate how a change in the inter-subunit bonding is communicated to the oxygen binding site to lower or raise the oxygen affinity. Perutz (ref. 5) proposed that the tensed structure of the protein might pull the proximal histidine away from the porphyrin plane and accordingly stretch the Fe-His bond.
The presence of the strain in the Fe-His bond of the low affinity deoxyllb has been demonstrated first by Nagai et al. (ref. 6) practically the same as K1. These facts suggest that the key information for cooperativity is contained in deoxyl{b, and is therefore consistent with our proposal that the cooperativity is primarily determined by the strain of the Fe-His bond present in the deoxy state. To treat it quantitatively, the following model was proposed.
Continuous strain model for oxygen affinity
Suppose that there are strained and unstrained states regarding the Fe-His bond, and that the low-and high-affinity structures correspond to the strained and unstrained states, respectively. Under the unstrained condition, the Fe-His bond has its intrinsic potential denoted by V in Fig. 3 . We assume that the potential of the strained Fe-His bond, V, is
represented 'Iy the sum of Vu and W, a contribution from the globin moiety. W is a consequence of the tensed structure of the protein and is therefore considered to produce repulsion for the Fe-His bond. In this treatment Vu and W are approximated by Morse-and de Boer-potentials, respectively.
The stretching force constant (k ) for the unstrained condition is derived from Eq. 1 as ku = 2Da2. The potential minimumu of the Fe-His bond under the presence of the strain is shifted to r0+Lr so as to fulfill d(V+W)/dr = 0. When the strain energy present is defined by w0 = bexp(-cr0) (see Fig. 3 ), then the amount of the stretch of the Fe-His bond is given by = woc/(k + w0c2) (3) and the stretching force constant (k5) for the strained condition is represented as k(l3a&). Therefore the difference between k and k is ku -k = 3kaLr 3awc u which is related to the frequency shift
where c0 and p is the light velocity and the reduced mass, respectively. The bond-energy reduction, tQ, of the Fe-His bond upon the stretch by tr is equal to w0(l-cir), and when this is combined with Eqs. 4 and 5, the resultant equation is represented as, = p1Lv + pv2 (6) where Pi = (2ku)/(3t)u) and P2 = _(4ku)92'u2 (log1oK1 -0.488Y (see Eq. 9). The numbers stand for the samples specified in Table 1 On the other hand, the oxygen affinity is determined by a change of free energy upon binding of oxygen. The difference between the oxygen affinities of the unstrained and strained structures were previously related to Q through Eq. 7 (ref. 9), RT1n(K15) -RT.ln(K1U) KLQ (7) where K is a proportionality constant nd K1' and K15 are K1 of the unstrained and trained conditions, respectively.
Since K1 should be a constant, we put RT1n(K1 ) y.
Combining Eq. 6 with Eq. 7 results in Eq. 8,
and thus Iv can be correlated with K15. In accord with it the observed V were fitted withEq. 9,
where q1, q2 and q3 are adjustable parameters. The v(Fe-His) frequencies of various human deoxylibs are plotted against K1 in Fig. 4 , where the solid line represents the theoretical curve calculated from Eq. 9.
Despite the crude approximation, the calculated curve well reproduces the observed results.
This might imply the validity of the present strain model. In this treatment, the frequency difference between the a and 13 subunits was neglected. However, the Raman data suggest that the magnitude of the strain imposed to the Fe-His bond is three times larger in the a than the 13 subunit (ref. 13, 14) . Since the RR intensity of the v(Fe-His) line of the a subunit becomes weaker as its frequency becomes lower, while that of the 13 subunit remains almost unaltered, it is fairly difficult to infer an average of the a and 13 subunits from the RR spectra shown in Fig. 2 . Anyhow, the difference between the a and 13 subunits should be incorporated in a refined treatment of the strain model. Consequently, the coordination of negatively charged imidazole to the heme iron at the fifth coordination site is considered to be a feature characteristic of all peroxidases but is distinct from oxygen carriers. The v(Fe-His) frequencies of all heme proteins so far clarified are listed in Table 2 .
Feu"=O stretching mode of compound II
The characteristic property of a peroxidase is seen in its catalytic mechanism (ref. On the analogy of the results at alkaline pH, the new line of Compound II at 774 cm-1 is considered to arise from the (FeO) mode. The fact that this line exhibits the isotopic frequency shift for H2180 strongly suggests that the heme bound oxygen is unexpectedly exchanged with an oxygen atom of bulk water. This kind of exchange reaction no longer takes place at pH 11.2, where the enzymic activity is lost. Therefore, the oxygen exchange seems to be directly involved in the enzymic catalysis.
Upon protonation of a particular residue involved in the heme-linked ionization, the v(Fe=O) line shifts to a lower frequency from 787 to 774 cm-1. This feature is demonstrated in Fig. 9 , where HR spectra of Compound II in H20 at pH 7 (A) and at pH 11. little by a pH change. Therefore, the lower frequency of the v(Fe0) mode in neutral solutions compared with alkaline solutions probably suggests the presence of a hydrogen bond between the heme-bound oxygen and the protonated form of the residue involved in the heme-linked ionization, probably distal histidine. This is consistent with the fact that the v(Fe0) frequency is slightly higher in D20 than in H20 at neutral pH while there is no difference at alkaline pH (ref. 28,29) .
A model of the active site of Compound II deduced> from this study is schematically illustrated in Fig. 10 . The heme-linked ionization (Ae-B) of the native enzyme occurs with pK = 5.5 (ref. 15) . The deprotonated native form (Fig. 10, step reacts with H20, giving rise to protonated Compound II (step D). The strength of the Fe =0 bond as well as the heme structure are nearly the same for step D at pH 7 and for step E at 11.2 except for the presence of the weak hydrogen bond in neutral solutions. Nevertheless, the heme-bound oxygen atom in D at pH 7 is rapidly exchanged with bulk water but that in E at pH 11 is not exchanged at all.
Therefore, it seems that the hydrogen bonded proton in D plays an essential role in the exchange phenomenon. In the absence of this proton at alkaline pH, the enzyme is inactive. Presumably, the heme-bound oxygen and the hydrogen-bonded proton combine and exchange with bulk water through structure C. This exchange reaction continues until an electron is donated by a substrate. Although such an oxygen exchange has never been suggested for IIRP, and The rate of the oxygen exchange seemed larger for isozyme A than for isozyme C. This is compatible with the lower PKa value of isozyme A, when the dissociation of the proton is the rate-limiting step for the oxygen exchange. A similar oxygen exchange is also reported for ieoxidase reaction of cytochrome P-450 (ref. 31) and its model compound with the Fe =0 heme (ref. 32) .1It is stressed here that the exchange phenomenon is not an intrinsic property of the Fe =0 heme but is enabled by participation of a hydrogen-bonded proton in the catalysis.
